Review of Remedios et al.
Successful processing of species-specific vocalizations is important for effective social interaction-not only for humans but for all vocal animals. However, until recently, little was known of the neural mechanisms involved in processing vocal information. A functional imaging study by Belin et al. (2000) revealed a voice-selective region in humans, located in the anterior of the temporal lobe, along the upper banks of the superior temporal sulcus. This region not only processes acoustical cues that distinguish our vocalizations from other sounds, but it is sensitive to auditory features that vary between human voices. This may allow us to identify different individuals. Yet, although face-selective visual regions have been found in both humans and monkeys, few investigations have examined whether analogous voice regions are present in nonhuman animals. Electrophysiological studies in monkeys have described neuronal responses to conspecific vocalizations, but comparison of these responses to those evoked by other sounds has widely been neglected and thus the significance hard to judge. Various electrophysiological studies (Tian et al., 2001 ) have reported some degree of voice selectivity in the early auditory cortical areas-for example, in the rostral lateral belt. In contrast, imaging studies have suggested that selective processing of vocal sounds occurs in "higher-order" auditory areas, although the sites of these regions have varied from study to study, ranging from a region within the anterior superior temporal plane (Petkov et al., 2008) to the monkey homolog of language areas in humans (Gil-da-Costa et al., 2006) . Recently, Recanzone (2008) investigated the discrepancy between electrophysiological and imaging studies by recording the responses of single neurons in core and belt auditory cortical fields to vocalizations. He observed no significant difference in the overall firing rate of neurons between these different cortical areas, thus disputing the claim that the early rostral cortical areas are preferentially involved in the selective processing of vocalizations. However, with the exception of a few studies (Cohen et al., 2004) , electrophysiological evidence of selectivity to species-species vocalizations outside the auditory cortical areas is lacking.
Several studies, mainly using imaging techniques (e.g., fMRI), have implicated the insula in the processing of sound information, and in humans, the handling of speech information (Wong et al., 2004) . Furthermore, lesions to the insula impair speech production (Habib et al., 1995) . Still, this manner of investigation can only give, at best, indirect evidence of neuronal properties and mechanisms. By providing direct evidence of neuronal activity, electrophysiological studies can offer valuable information regarding the way in which selectivity to conspecific vocalizations arises, and this was the aim of a study conducted by Remedios et al. (2009), recently published in The Journal of Neuroscience. The purpose of their investigation was to investigate the auditory response of macaque insula neurons, examine selectivity toward conspecific macaque vocalizations, and quantify both this selectivity and the level of discrimination between individual macaque vocalizations.
In this study, the insular neuronal activity of two macaque monkeys was investigated. The authors used a combination of anatomical magnetic resonance images and landmarks such as activity transitions between gray and white matter to estimate recording site and depth within the insula. The authors first used pure tones to compare the response properties of the insula neurons to those recorded from the primary and secondary auditory cortices. Acoustic responses within the insula were mainly restricted to an "auditory region," located within the mid to caudal extent of this structure. Insula neurons appeared to be less frequency selective and had significantly longer latencies than neurons in the auditory cortex. Moreover, in contrast to auditory-cortex neurons, the response pattern of the neurons in the insula did not reflect the stimulus's temporal structure.
Next, to investigate the insula's role in processing natural sounds and conspecific communication signals, the authors measured the response to sets of stimuli from three categories: macaque vocalizations [MVocs (coos, grunts, barks, pant-threats, and screams)], noises and vocalizations of other animals [AVocs (e.g., birds, lions, horses)], and environmental sounds [ESnds (e.g., wind, water, doors)]. Population and lifetime-selectivity indices were calculated to measure how these sounds were encoded by the insula. Insula neurons not only showed a significantly greater response to natural sounds (MVocs, AVocs, and ESnds) compared with those in the auditory cortex but also responded differentially to the three sound categories: there was a stronger response to MVocs than to either AVocs or ESnds, highlighting a preferential response for conspecific vocalizations. This was in direct contrast to the response of auditory neurons, whose response strength was significantly weaker for MVocs compared with AVocs and ESnds.
To ensure that results were not influenced by acoustical differences between sound categories, the authors probed insula neurons with a set of manipulated MVocs: specifically, one vocalization preserving the spectrum of the original vocalization but not its temporal envelope; one preserving the temporal envelope but not the spectrum; and one preserving both features but not their interaction. Results showed that insula neurons were indeed selective to the original conspecific vocalizations and preferred these over manipulations that contained only some of the acoustical features.
The authors then considered whether the macaques could differentiate between individual vocalizations, by calculating the neurons' response selectivity index (defined by the number of stimuli eliciting at least half a neuron's maximal response). They found that on average 33% of vocalizations elicited more than half the maximal response, indicating a greater selectivity of insula neurons compared with those in the superior temporal regions and auditory cortices, which together showed a range of ϳ30 -60%. Finally, the authors asked whether insula neurons showed selectivity to call categories (in other words, call types carrying different behavioral meaning-for example, "coo" and "pant-threat"). Results indicated that this was not the case-many neurons responded strongly to one but not to other calls from one particular category, but at the same time also responded to one or two calls from a different category. This suggests that although insula neurons respond selectively to certain vocalizations, they do not necessarily represent categories of these vocalizations.
Auditory processing in macaque monkeys has been reasonably investigated, but there has been little exploration into the neural correlates of vocal processing in these animals: generally, studies of auditory processing in nonhuman primates have involved basic auditory stimuli such as pure tones or clicks. Only a few studies have used communication sounds in an attempt to investigate voice-selectivity in nonhuman primates. Recently, researchers from the same group identified voice-selective regions in the macaque monkey brain, using fMRI as opposed to electrophysiological techniques (Petkov et al., 2008) . Overall, the most reliable specificity for conspecific vocalizations was observed in the anterior auditory superior temporal plane region. This area lies in the proposed auditory "what" processing pathway, which is suggested to process the identity of sounds. In awake (as opposed to anesthetized) macaques, although, a strong preference for species-species vocalizations was also observed within the first few auditory cortical processing stages, including the primary field A1. This result, interestingly, contrasts with that of Remedios et al. (2009) , where the response strength for MVocs in the auditory cortex was significantly weaker than the response for AVocs and ESnds. However, Petkov et al. (2008) acknowledge in their study that this region did show a less reliable preference for conspecific vocalizations, in addition to instability in location. The current electrophysiological data appears to clarify that we cannot attribute a consistent voice-selective response to this area.
The results of Remedios et al. (2009) offer a unique insight into the possible roles of the insula in the handling of vocal information. Despite support for the insula's contribution toward auditory processing, electrophysiological evidence of its contribution toward handling of vocal information in nonhuman primates is nonexistent. This study provides evidence that the insular auditory region processes more than just linguistic information, because the vocalizations of nonhuman primates-who lack the linguistic capabilities of humans-still evoke a significant response in this area. This prompts the question as to whether the insula may perform a comparable role in human subjects-specifically, the handling of particular vocal paralinguistic information. A few human imaging studies (Morris et al., 1999) , using nonverbal vocalizations such as laughs and cries, have pointed to a possible role of insula in the processing of vocal emotion. Indeed, in the macaque, multiple interconnections to limbic structures such as the amygdala (Mesulam and Mufson, 1982) suggest the insula may well play a part in integrating vocal communication sounds and emotions. Studies on the regions involved in processing of (human) vocal identity are limited; however, there is converging evidence for a role of the anterior temporal lobe regions (part of the ventral what processing pathway). Again, with projections to temporal areas, it is plausible that the insula could also be involved in the handling of this information. The results of the study by Remedios et al. (2009) hold up such a claim, with insula neurons responding highly selectively within the set of vocalizations. This suggests that one role of these neurons could be to identify individual vocalizations. Whether such a response in macaques is also present in humans remains to be seen.
Overall, the results of Remedios et al. (2009) offer valuable insight into the neural correlates of vocalization processing in nonhuman primates, by providing electrophysiological evidence of the insula's involvement in the handling of conspecific communication sounds. The ongoing challenge will be not only to determine the exact role the insula plays in processing of vocal sound information but also to elucidate how such results may translate to human subjects. With this knowledge, we may be able to build on existing models of voice perception.
